1. The ionic requirements and the tetrodotoxin (TTX) sensitivity of the action potential of dorsal root ganglion (DRG) cells dissected from an adult mouse were studied with intracellular microelectrodes.
2. The DRG cells were classified into three groups as below (3-5) according to the two physiological properties: capability of producing a Ca-dependent regenerative response in Na-free solution and TTX sensitivity of the spike in normal solution.
3. The neurons generating a TTX-resistant (10e6 g/ml) spike with Na and Ca components are named H-neurons because of showing a "hump" on the falling phase of the action potential. Only 5% of the cells studied belong to this group.
4. The neurons eliciting a TTX-resistant Na spike are named A-neurons for displaying a large and long-lasting "afterhyperpolarization. ' ' The neurons of this type amount to 27% of the cells examined.
5. The neurons producing a TTX-sensitive (lo-* g/ml) Na spike are named Fneurons for the "fast" time course of the spike. Most of the cells (68%) proved to be this type.
6. Time-dependent inward-going rectification (anomalous rectification) was observed both in F-and A-neurons. F-neurons showed a stronger rectification than Aneurons.
7. It may be supposed that a decrease of active Ca channels and an increase of the INTRODUCTION There has been much evidence that Ca ions act as charge carriers during excitation in a variety of excitable tissues (7-9, 11,39), including dorsal root ganglion (DRG) cells (5, 22, 23, 29, 30, 38) . Recently, studies on Ca ions have been carried out with keen interest since channels permeable to these ions may play an important role in the developmental course of the spike-generation mechanism. Such studies have been carried out chiefly on oocytes in starfish (31), tunicate (33), and mouse (36), and on muscle cells in tunicate (32, 47), chick (16, 17, 27, 44) , and rat (19, 20, 2 1). For neuronal development, Rohon-Beard cells from amphibian tadpoles were investigated in vivo (1, 45) . In tunicate and chick striated muscle cells, Ca ions still carried the inward current in a late developmental stage. However, in rat striated muscle cells (21) and amphibian Rohon-Beard cells (1, 45), Ca current could not be detected in the final stages.
Previous papers dealing with explant culture cells established from fetal mouse DRG (29, 30) have shown that most of the DRG cells generate a TTX-resistant spike with Na and Ca components. A clear hump due to Ca inward current was seen on the falling phase of the action potential. The neurons which evoked a TTX-resistant Na spike and those which produced a TTXsensitive Na spike were also detected in the culture cells (30). Within 60 days in vitro, 60% of cells examined (144/240) had a TTX-resistant spike with Na and Ca components, but such neurons decreased in proportion in "long-term cultures" (cultivated for more than 100 days) and only 18% (2/l 1) of the cells were found to be such cells at 122 days in vitro. On the other hand, the number of neurons having a TTX-sensitive Na spike increased with time (30). These observations suggest that the explant cultures exhibit differentiation:
the DRG cells lose the Ca component and acquire a TTX sensitivity of the Na component in their developmental course. The neurons with a combined Na-Ca spike are thought to be in an immature or growing condition.
The present investigation was undertaken to see if the neurons with a combined Na-Ca spike still survive or completely disappear in DRG of an adult mouse. The neurons were classified into several groups on the basis of their physiological and pharmacological properties and the proportion of each group was determined.
METHODS
Seventy-eight adult male mice of DDY strain, older than 7 wk of age and weighing 28-37 g (average weight 32 g), were used in the present study. They were stunned, and thoracic and lumbar dorsal root ganglia were exposed quickly after dorsal laminectomy and removal of the spinal cord. The ganglia were dissected with watchmaker's forceps, and the connective tissue capsules covering the surface of them were carefully taken off with a sharp edge of a surgical knife under a stereomicroscope.
After that, dorsal root ganglia were put on a coverslip previously coated with reconstituted rat-tail collagen according to the method of Bornstein (3) with half a drop of Gey's balanced salt solution (BSS) and sealed into a Maximow double-coverslip assembly. These ganglia were preserved at 37°C for about half an hour in lying drop position, and during this procedure they adhered to a collagen film substrate which was softened by heat.
The coverslip bearing the cells was placed in a perfusion chamber (1 ml in volume) on the stage of a Leitz inverted microscope.
The coverslip was fixed to the bottom of the chamber with a silver plate which was used as an indifferent electrode. The DRG cells were visualized with a light microscope at a magnification of 500x, using a 40x oil-immersion objective lens of long working distance (Carl Zeiss, West Germany). For positioning the microelectrodes, a Leitz micromanipulator was used and the electrodes were inserted vertically at an angle of about 60".
Glass microelectrodes filled with 3 M CH,COOK and having a DC resistance between 40 and 60 Ma were used for intracellular recording. The electrodes were connected in a resistance bridge circuit and current pulses were injected through a log s2 resistor into the neurons to evoke action potentials directly. In order to know the intensity of current flowing through the microelectrode, the potential drop across the log a resistor was measured. The membrane potential was recorded with a high-input impedance amplifier with a capacitance-compensation circuit. At the same time, the output of the amplifier was led to a resistance-capacitance coupled circuit and differentiated records of the responses were obtained. The resting membrane potential was continuously monitored with a pen recorder. Recordings were displayed on an oscilloscope and photographed.
We used Gey's balanced salt solution (BSS) as a normal solution (NS); it contained (in mM): NaCl, 137; KCl, 5; CaCl,, 2.5; MgClz, 1; Na,HPO,, 0.8; KH2P04, 0.2; NaHCO,, 3; glucose, 5.6; and was adjusted to pH 7.4-7.6 by controlling the carbon dioxide tension. Sodiumfree solution was prepared by substituting 144 mM Tris (neutralized by HCl to pH 7.6) for NaCl, Na,HPO,, and NaHCO,. Tetrodotoxin (TTX, Sankyo) was dissolved in diluted HCl solution (pH 3) in a concentration of 10m4 g/ml and was kept at low temperature (around OOC) to retain potency. TTX was applied to the solution at lo+-lo+ g/ml. CoCl, was added directly to the solution just before use at 5-10 mM in order to suppress Ca current. The chamber was equipped with inlet and outlet tubes and the test solutions were applied by perfusion. Washing out the test solutions with BSS was also performed by perfusion technique.
Pictures were taken after the neurons had equilibrated in these solutions. Stable recordings from single dorsal root ganglion cells during multiple solution changes were generally attempted, often successfully, but in some cases supplementary observations were made only in a test solution. All electrophysiological investigations were carried out at room temperature (20-24°C).
RESULTS

TTX-resistant spike with Na and Ca components
In the present study it was found that neurons which generate a TTX-resistant spike with Na and Ca components existed. One of the neurons of this type is exempli- Effect of solution changes on an H-neuron. Records were obtained from the same neuron during the successive solution changes. The upper trace is the membrane potential, the middle trace is a differentiated record of potential, and the lower trace is the intensity of current pulses applied to the somata directly. Normal solution (NS), sodium-free solution (0 Na), and TTX and CoCl, solutions (both were added to the normal solution)
were applied to the neuron by perfusion. Potential, differential, current, and time scales are the same throughout. fied in Fig. 1 . In this neuron, stable recordings were successfully made during multiple solution changes. The neuron elicited a regenerative response in Na-free solution (Fig. lAz) . The action potential was much slower in time course than the control spike. The medium was returned to normal solution, i.e., Gey ' s balanced salt solution (BSS), and 10 ml BSS containing TTX at a concentration of 10e6 g/ml was applied to the neuron by perfusion (Fig. l&) . No significant effect took place in spike shape (top trace) and rate of rise (middle trace), but the just-threshold current (bottom trace) was slightly increased as reported for cultured cells (30). TTX was washed out with 30 ml normal saline (Fig. lC1) , and the medium was exchanged to BSS containing SPIKES IN MOUSE DRG 1099 10 mM CoCl, (Fig. lCZ) . The response was recorded immediately after perfusing a few milliliters of CoCl, solution. A hump was lost and the peak amplitude was decreased. Calcium ions probably make a contribution to the formation of the hump. Changing the external Ca concentration was not tried because it was already shown in cultured cells that the amplitude and speed of the regenerative response in Na-free solution were increased when the external Ca concentration was raised and suppressed by the application of Na-and Ca-free solution or Nafree, CoCl, solution (29). The findings (Fig.  1A2, C,) indicate an existence of Ca inflow through the cell membrane which is suppressed by cobaltous ions, as reported in various kinds of excitable cells (5, 8, 10, 39) . The remaining response in Fig. lCZ probably reflects the Na component of the action potential (see DISCUSSION for details). Cultured cells from chick DRG showed an overshooting spike in normal medium containing 10 mM CoCl, (5), but the aforementioned neurons in an adult mouse and cultivated DRG cells from fetal mouse could not overshoot (29, 30).
washing with 15 ml normal solution (Fig.  2A2, col. 2). The spike of these neurons was characterized by an afterhyperpolarization which was large in magnitude and long in duration. The spike was devoid of any hump and abolished in Na-free solution.
Most neurons of this type deteriorated so rapidly after microelectrode impalement that it was impossible to obtain records with a serial solution exchange. These neurons may be small in size. This fragility of the cells has prevented detailed analysis of the calcium contribution, but the findings favor the view that there is no substantial Ca current in these neurons. Owing to fragility, TTX sensitivity was examined only in the test solution containing TTX. The spike showed the same configuration in the presence of 10m6 g/ml TTX which was added to BSS (Fig. 2B) .
These neurons are considered to have a Na-dependent spike which is insensitive to TTX; 27% (189/694) of the DRG cells belong to this type. A large and long-lasting afterhyperpolarization characterizes these cells, so we call them A-neurons. In these DRG cells, then, the inward current is normally carried by Na and Ca and both Na and Ca components of the action potential are resistant to TTX. Only 5% (48/694) of the DRG cells studied proved to be this type. These neurons will be called H-neurons because they display a prominent hump on the falling phase of the action potential in normal solution.
TTX-sensitive
Na spike TTX-resistant Na spike
It turned out that the greater part of the DRG cells of adult mice produced a spike whose time course was faster than that seen in the preceding H-and A-neurons. These cells could not generate a spike in the absence of Na ions or in the presence of a low concentration of TTX. It is supposed that a TTX-sensitive sodium-carrying system acts during the action potential in these cells. In the above-mentioned H-neurons, the Figure 3 illustrates the properties of such action potential was insensitive to TTX.
neurons. The records were obtained from There were also neurons whose spike was the same cell. The control spike was short not blocked by TTX, but the spike was abol-in duration and lacked a hump on the fallished when Na ions were eliminated from ing phase (Fig. 3A,) . Application of BSS the medium. An example of such a neuron containing TTX blocked the spike (Fig.  is presented in Fig. 2 . The records in rows 3A2, A,). In this case 10s7 g/ml TTX was Al and A, were taken from the same neuron.
required to cause a complete block, but in In Na-free solution, the cell did not have a general, TTX as low as 1O-g-1O-s g/ml was response of regenerative nature (Fig. 2A1 , sufficient for suppressing the action potencol. 2). The small response which appeared tial. In the presence of 10B6 g/ml TTX, none as a result of intense stimulation current of the neurons showed a spike of all-ordid not change appreciably even when 5 mM none nature. The medium was switched CoCl, was added to Na-free solution (Fig. back to normal solution (Fig. 3&) and Na-2A2, col. 1). These observations indicate free solution was perfused (Fig. 3B,) . The that Ca ions carry no appreciable current spike was eliminated again as with TTX. in this neuron. The spike was restored after This was a reversible change (Fig. 3B3) . Adding 5-10 mM CoCl, in BSS did not greatly affect the action potential (not shown).
It is concluded that Ca ions do not carry a significant amount of current in this type of neuron and that the Na channels are sensitive to TTX; 68% (471/694) of the cells showed these properties. The neurons will be called F-neurons because of the fast time course of the action potential in normal solution.
Other spikes As mentioned above, DRG cells of adult mice were classified into three groups according to their physiological and pharmacological properties, and the properties were related to the spike configurations. However, all neurons did not, on the basis of spike configuration, fall neatly into one of the F-, A-, and H-neuron classes. Some neurons were considered to be of intermediate type. had features of both H-and A-neurons were detected, namely, the spike had a hump and a large and long-lasting afterhyperpolarization (not illustrated). This A + H-neuron could produce a regenerative response in the absence of sodium ions. The spike in normal solution was resistant to TTX. Thus, A+ H-neurons could be included in the neuron group characterized by a TTX-resistant spike with Na and Ca components.
Comparison of spike configurations
For comparing the spikes evoked in normal solution, spike parameters were measured in the three neuron groups and the mean values are given in the table of Fig. 4 . The statistical analysis of the results was made by Cochran-Cox's two-tailed t tests with a significance limit of 2 P < 0.01.
The average spike amplitude of F-neurons was significantly smaller than those of Aand H-neurons. About 0.1 of F-neurons had an overshooting spike whose amplitude was larger than 65 mV (65-80 mV). However, most of the spikes did not overshoot, probably because of a strong activation of potassium conductance which was reflected in the brief spike duration. The maximum rate of rise of the spike differed significantly among the three groups. The maximum rate of rise is considered to be proportional to the magnitude of Na current (13), although Ca ions may, in part, contribute to the maximum rate of rise in the case of H-neurons, as in bullfrog sympathetic ganglion cells (24). The differences in the average spike duration (measured at half-amplitude) among F-, A-, and H-neurons were highly significant. The "hump duration," which was defined as the time lag from the flexion point to the peak on the falling phase of the differentiated spike, was measurable only in Hneurons (see table of Fig. 4) . We believe that the Ca component would contribute to the formation of the hump (29, 30). As to the afterhyperpolarization, magnitude and duration were compared. As shown in the diagrams and the table of Fig. 4 characteristic features of A-neurons. In Fneurons, the short duration of the afterhyperpolarization (both in the time to peak and to the return to base line), together with the short spike duration, gives an impression of a fast time course of the action potential. Comparable values of the spike duration of F-neurons were reported in cat DRG cells (2, 41). As for the resting potential, a significant difference was observed only between F-and H-neurons.
Hyperpolarizing responses of three neuron groups Current pulses of long duration (300 ms) were applied to the somata through the intracellular.
microelectrode $ and the potential changes produced were examined. Hyperpolarizing responses were different from neuron group to neuron group. When the applied current pulses were larger than a certain intensity, the membrane potential changes of F-and A-neurons showed a decrement to a steady level after reaching an initial peak. As illustrated in the upper left record of Fig. 5 , F-neurons demonstrated a larger decrease in potential change than A-neurons after reaching a maximum value during the initial phase. In F-neurons, the potential change at the steady level did not increase much even when strong currents were applied, whereas the initial peak amplitude increased with increasing current intensity. Hyperpolarizing responses of Hneurons changed exponentially and were nonrectifying, as shown in Fig. 5 . The initial peak values (open circles) and the final steady values (closed circles) were plotted as current-voltage relations. The initial peak values did not differ so much from each other in F-and A-neurons and the potential changes were approximately linear. However, the current-voltage relation of the steady state showed a nonlinear character, and this "time-dependent inward-going rectification (anomalous rectification)" was more conspicuous in F-neurons. In H-neurons, no inward-going rectification was observed even when the cells were hyperpolarized about 40 mV.
Delayed outward-going rectification was observed in all neuron groups.
Using weak hyperpolarizing currents which did not cause a delayed decrease in hyperpolarized potential, the average resistance of the membrane was calculated from the linear portion of the currentIn A-and F-neurons, underlying Ca curvoltage curves. The mean value and standrents may be masked by an activation of ard deviation of the membrane resistance potassium conductance (1). This possibility of F-, A-, and H-neurons was 7.3 t 4.4 Ma is now under investigation using 0 Na, Ba (n = 20), 23.1 t 15.1 MSZ (n = 7), and408 solution. t 8.9 Ma (n = 6), respectively.
The average resistance of F-neurons was similar to those of cat DRG cells (4, 6).
DISCUSSION
Calcium component of spike A contribution of calcium ions to actionpotential generation was shown in H-neurons. However, it seems that calcium ions carry hardly any current in F-and Aneurons.
The small response in Na-free solution (Fig. 2Az , col. 1) might be due to residual sodium current and would become smaller during prolonged exposure to Na-free solution. An alternative explanation would be that the activation of K current occurs as the stimulation current pulse is increased, and this causes a transient decrease in potential amplitude followed by a gradual increase in amplitude as the K current is inactivated. The same mechanism would be acting in Fig. lCz. Tetrodotoxin sensitivity In the present study, the Na current of H-and A-neurons was found to be TTX resistant and that of F-neurons, TTX sensitive. It is interesting that a relatively large number of the adult mouse DRG cells (33%; H-and A-neurons)
showed a TTX-resistant spike.
TTX-insensitive Na current has been reported in certain types of excitable tissues (18, 21, 22, 31, 34) . It can also be seen in tunicate egg (37), muscle cells in an early stage of development (16, 17, 19, 25, 28, 42, 44) , and cultured DRG cells of mouse (29, 30, 38 DRG cells would become sensitive to TTX when the cell develops.
Time-dependent inwardgoing recti$cation F-and A-neurons showed a time-dependent inward-going rectification (anomalous rectification). F-neurons showed a stronger one than A-neurons. However, H-neurons of an adult mouse did not exhibit anomalous rectification.
Also, the cells whose spike had a hump did not show a time-dependent anomalous rectification in toad DRG (14) and cultured chick DRG (5).
A time-dependent inward-going rectification similar to that seen in the present study has been reported in DRG cells of adult cats (4) and toads (14), cat motoneurons (15, 39, and pyramidal tract cells of cat cerebral cortex (46).
Neuronal classification
In the present study, the dorsal root ganglion cells dissected from adult mice were classified into three groups according to the following two properties: I) capability of generating a Ca-dependent all-or-none spike in Na-free solution, and 2) TTX sensitivity of the spike in normal solution. Typical spikes representing each group are displayed in Fig. 6 . The row labeled Ca-action potential indicates whether the cell can (+) or cannot (-) produce a regenerative response in Na-free solution. The row labeled tetrodotoxin sensitivity shows that the spike is (+) or is not (-) blocked by TTX. Thus, it seems that the physiological properties are related to the spike configurations except for intermediate-type
neurons. Neurons which are characterized as Ca action potential (+) and TTX sensitivity (+) were described in mouse neuroblastoma cells (43) and chick DRG cells in culture (5). However, such neurons could not be detected in the present study.
Significance of three neuron groups
The main differences of physiological and pharmacological properties among F-, A-, and H-neurons were in Ca current, TTX sensitivity, and inward-going rectification.
There have been reports that cell division ceases after 16 days of gestation in rat (12, 26), mouse (40), and chick DRG (40). Nevertheless, previous papers showed that the neurons which produced a TTX-resistant spike with Na and Ca components decrease in number, while the neurons with a TTXsensitive Na spike increase with time (30). In mouse oocytes, inward current was carried only by Ca ions (36). Considering these findings together, we may suppose that Ca channels are lost or cease to function and Na channels become sensitive to TTX as the cells differentiate.
We 
